Chromatin conformation has a major role in all cellular decisions. We showed previously that P53 pro-apoptotic target promoters are enriched with H3K9me3 mark and induction of P53 abrogates this repressive chromatin conformation by downregulating SUV39H1, the writer of this mark present on these promoters. In the present study, we demonstrate that in response to P53 stabilization, its pro-apoptotic target promoters become enriched with the H3K4me3 epigenetic mark as well as its readers, Wdr5, RbBP5 and Ash2L, which were not observed in response to SUV39H1 downregulation alone. Overexpression of Ash2L enhanced P53-dependent apoptosis in response to chemotherapy, associated with increased P53 pro-apoptotic gene promoter occupancy and target gene expression. In contrast, pre-silencing of Ash2L abrogated P53's ability to induce the expression of these transcriptional targets, without affecting P53 or RNAP II recruitment. However, Ash2L pre-silencing, under the same conditions, resulted in reduced RNAP II ser5-CTD phosphorylation on these same pro-apoptotic target promoters, which correlated with reduced promoter occupancy of TFIIB as well as TFIIF (RAP74). Based on these findings, we propose that Ash2L acts in concert with P53 promoter occupancy to activate RNAP II by aiding formation of a stable transcription pre-initiation complex required for its activation.
INTRODUCTION
Chromatin conformation has a fundamental role in regulating gene transcription and silencing, as well as DNA repair. 1 Genomewide studies have shown that the H3K9me3 (histone H3 lys9 trimentylation) enrichment represents a transcriptionally repressive chromatin conformation, whereas H3K4me3 (histone H3 lys4 trimethylation) is localized mainly at the TSS (transcription start site) of the promoter regions. [2] [3] [4] As a consequence of epigenetic modifications and chromatin remodeling, components of the preinitiation complex (PIC) can be either recruited or altered allowing transcription initiation. 5 P53 is stabilized in response to a variety of cellular stresses and binds to its responsive DNA elements and drives the transcription of its target genes to initiate P53-dependent cellular responses ranging from reversible cell cycle arrest to senescence or apoptosis. 6, 7 We have shown previously that in the absence of P53 induction, H3K9me3 is enriched at P53 target promoters, and P53 overcomes this barrier by reducing the level of the writer of this repressive mark, SUV39H1, by both transcriptional and posttranslational mechanisms. 8 In relation to H3K4 methylation mechanisms, previous studies have demonstrated DNA damageinduced accumulation of H3K4me3 on the P21 promoter, 9 which is a well-known P53 target gene. 10 In human cells, H3K4 methylation is catalyzed by the SET1/MLL family of histone methyl transferases. Biochemical studies have shown that similar to yeast prototype Set1, 11 human SET1/MLL complexes possess both unique as well as common subunits (WDR5, RbBP5, DPY30 as well as ASH2L). 12 However, the enrichment of H3K4me3 on P53 pro-apoptotic promoters, as well as the roles played by any of the common or unique MLL subunits on the P53-mediated proapoptotic gene expression and apoptosis is not well established.
Previous studies have shown that a variety of general transcriptional cofactors including TAF6, TAF9, TRAP80 and TFIIH 13 physically interact with P53. In addition, P53 itself is able to assist in the recruitment of various PIC components, including TFIIA, TFIIH as well as TBP and its associated factors to its target promoters. 5 How the histone modifications affect the recruitment of these general transcription factors on P53 pro-apoptotic target promoters is also not well understood.
In this present study, we show that in response to P53 induction, P53-dependent pro-apoptotic target promoters become enriched with the H3K4me3 histone mark as well as by the common MLL subunit proteins, Wdr5, RbBP5 and Ash2L. More importantly, we establish that Ash2L (absent, small or homeotic--like Drosophila), which is a common component of H4K4 methylation complexes regulates P53-dependent pro-apoptotic response by favoring the formation of a stable PIC on P53 proapoptotic target promoters, which leads to RNAP II activation.
RESULTS

P53 induction enriches for the H3K4me3 mark on its pro-apoptotic target promoters
High-resolution profiling of histone modifications in the human genome has indicated H3K4me3 enrichment in promoter regions of active genes [14] [15] [16] [17] [18] and active enhancers. 19 To investigate whether P53 activation influences the enrichment of this histone mark on P53 target promoters, we performed ChIP (chromatin immunoprecipitation) analysis, both in the absence and presence of induced P53. Upregulation of P53, by treating B5/589 cells with MI-219 ( Figure 1a ), by removing tetracycline from EJ-P53 (tet off) culture medium ( Supplementary Figure 1a ) or by treating HCT116 cells with Nutlin3a ( Supplementary Figure 1b ) or with etoposide ( Supplementary Figure 1c ) led to a marked increase in P53 occupancy on the promoters of several of its known target genes. Previous studies have shown that P53 promoter occupancy results in a concomitant increase in H3K4me3 enrichment on the P21 promoter. 9, 20 In agreement with these studies, we observed H3K4me3 enrichment at the P21 TSS (transcription start site) with P53 induction (Figure 1b, Supplementary Figures 1d-f ). We also observed that upregulation of P53 by the same approaches enriched for H3K4me3 at the TSS of P53 pro-apoptotic as well as MDM2 promoters, as shown for B5/589 cells (Figure 1b ), EJ-P53 cells ( Supplementary Figure 1d ) and HCT116 cells treated either with nutlin3a ( Supplementary Figure 1e ) or with etoposide ( Supplementary Figure 1f ).
We previously demonstrated that P53 target promoters exist in a transcriptionally repressive chromatin conformation as measured by H3K9me3 enrichment on these promoters and that H3K9me3 loss is essential for P53 promoter occupancy. 8 As SUV39H1 knockdown in the absence of induced P53 was sufficient to downregulate H3K9me3 mark enrichment on P53 proapoptotic target promoters, 8 we tested whether reduction in SUV39H1 level alone was sufficient to result in H3K4me3 mark enrichment on these same promoters. In HCT116 cells stably expressing doxycycline-inducible sh-SUV39H1, 8 doxycycline addition to the culture medium reduced SUV39H1 expression with a concomitant increase in P21 expression as previously reported 8 (data not shown). Similarly, SUV39H1 silencing induced H3K4me3 enrichment on the P21 TSS, but failed to induce H3K4me3 mark enrichment on any of the P53 pro-apoptotic target promoters analyzed ( Supplementary Figure 2a ). These results argued that loss of SUV39H1-mediated H3K9me3 mark on P53 pro-apoptotic target promoters by itself was not sufficient for H3K4me3 mark establishment, which required functional P53 upregulation and/ or P53 promoter occupancy.
A functional H3K4 methyltransferase complex contains at least four common structural components, Wdr5, RbBP5, DPY30 and Ash2L, in addition to a catalytic subunit. [21] [22] [23] [24] There were no detectable changes in expression of Wdr5, RbBP5, DPY30 or Ash2L in response to P53 induction in EJ-P53 or B5/589 cells as tested at both mRNA ( Supplementary Figures 3a and b ) and protein ( Supplementary Figures 3c and d ) levels. However, we observed enhanced occupancy of Wdr5 (Figure 1c ; Supplementary Figure  4a ), RbBP5 (Figure 1d ; Supplementary Figure 4b ) as well as Ash2L (Figure 1e ; Supplementary Figure 4c ) at the TSS of all the P53 target promoters analyzed in response to P53 induction either in B5/589 cells treated with MI-219 or in EJ-P53 cells following tetracycline-regulatable p53 induction or in HCT116 cells treated with etoposide. Of note, SUV39H1 knockdown by itself, in the absence of induced P53, was not sufficient to recruit Wdr5, RbBP5 or Ash2L on to P53 pro-apoptotic target promoters analyzed ( Supplementary Figure 2b ; data not shown).
Overexpression of Ash2L enhances the P53 pro-apoptotic response Ash2L functions along with Wdr5 and RbBP5 to form a submodule of the Setd1A, Setd1B and MLL methyltransferase complexes. 23 The Ash2L, RbBP5, Wdr5, DPY30 submodule has been shown to possess an intrinsic methyltransferase activity toward histone H3K4 in vitro independent of an MLL, although none of these proteins contain a catalytic SET domain. 25 Furthermore, depletion of Ash2L in cell lines leads to globally decreased levels of H3K4me3, whereas levels of H3K4 methylation remain unchanged in the absence of MLL. 21, 23, 26 Furthermore, MLL complexes reconstituted in vitro, but lacking Ash2L exhibit reduced di-and trimethyl transferase activity towards recombinant histone H3, 21, 25, 27 suggesting that Ash2L is an important contributor in establishing as well as maintaining the H3K4me3 histone mark on the promoters. As we observed enrichment of H3K4me3 as well as increased occupancy of Ash2L on the P53 pro-apoptotic target promoters in response to P53 induction, and as Ash2L is essential in maintaining H3K4me3, we next investigated the role of Ash2L in P53-dependent transactivation of its pro-apoptotic target genes and induction of apoptosis. Both HCT116 and B5/589 cells overexpressing Ash2L showed an increased pro-apoptotic response in comparison with their vector controls as analyzed by propidium iodide staining (Figure 2a ; Supplementary Figure 6a ) following treatment with etoposide, a topoisomerase II inhibitor, 28 or paclitaxel, which interferes with the normal breakdown of microtubules during cell division. 29 The increased apoptotic response observed in Ash2L overexpressing cells was associated with increased P53 pro-apoptotic target gene expression, as measured at mRNA levels in B5/589 and HCT116 cells treated with increasing doses of etoposide and Nutlin3a respectively ( Figure 2b ; Supplementary Figure 6b ) and as measured at protein levels in B5/589 cells treated with increasing doses of etoposide ( Figure 2c ). These effects correlated well with enhanced P53 pro-apoptotic promoter occupancy, as demonstrated in B5/589 cells treated with MI-219 ( Figure 2d ) and HCT116 cells treated with Nutlin3a ( Supplementary Figure 7a ), associated in each case with further enrichment of the H3K4me3 mark on the TSS of these same P53 pro-apoptotic target promoters (Figure 2e ; Supplementary Figure 7b ).
Ash2L silencing decreases P53-dependent transcription without altering P53 promoter occupancy To assess the impact of Ash2L silencing on P53-dependent proapoptotic target gene expression, we generated B5/589 and HCT116 cells stably expressing doxycycline-inducible Ash2L shRNA utilizing two independent shRNAs. shRNA-targeting GFP was used as a negative control in all the experiments to rule out nonspecific shRNA effects. Doxycycline addition to the culture medium led to a decrease in Ash2L expression in sh-Ash2L but not in sh-GFP cells, as measured in both the cell lines at mRNA (Figure 3a , Supplementary Figure 8a ) and protein levels (Figure 3b , Supplementary Figure 8b ). Ash2L silencing by itself did not affect the basal expression of P53 or its pro-apoptotic target genes as measured at both mRNA and protein levels (Figures 3a and b , Supplementary Figures 8a and b) . Moreover, addition of MI-219 to B5/589, or etoposide treatment of HCT116 cells stabilized similar amounts of P53, irrespective of whether Ash2L was pre-silenced or not (Figure 3b ; Supplementary Figure 8b ). But to our surprise, stabilized P53 protein was less efficient in transactivating its target Figure  8c ). Of note, we did not detect a significant decrease in P53 proapoptotic promoter occupancy in Ash2L pre-silenced cells, as measured in B5/589 cells treated with MI-219 ( Figure 4a ) or HCT116 cells treated with Nutlin3a (data not shown). Confirming previous studies indicating that Ash2L is important for H3K4 methylation, 21, 25, 27 we observed reduced H3K4me3 enrichment at the TSS of these promoters in response to P53 induction with Ash2L pre-silencing, in MI-219 or Nutlin3a induced B5/589 and HCT116 cells, respectively (Figure 4b ; data not shown). Thus, reduced P53 pro-apoptotic target gene expression correlated with the reduced levels of H3K4me3 enrichment at the TSS of P53 pro-apoptotic target promoters rather than with the level of P53 recruitment to these same promoters. Under these same conditions, we did not observe any significant reduction in Wdr5 promoter occupancy on any of the P53 target promoters analyzed ( Supplementary Figure 9 ). We observed reduced P21 transcript levels under these conditions (Figures 3a and b ; Supplementary Figure 8a ), but failed to detect a reduced cell cycle arrest, consistent with our previous findings that a low level of P21 is sufficient to induce efficient cell cycle arrest. 8
Ash2L pre-silencing inhibits RNAP II initiation of P53-dependent pro-apoptotic gene transcription In eukaryotes, all mRNA's (messenger RNA) as well as some snRNA's (small nuclear RNA) and snoRNA's (small nucleolar RNA) are transcribed by RNAP II. 30 As we observed reduced P53dependent expression of its target genes in Ash2L pre-silenced cells, we investigated RNAP II occupancy on the TSS of the P53 pro-apoptotic target promoters in response to P53 induction. As shown previously, 31 we observed RNAP II occupancy on P21 and MDM2 TSS both in the absence and presence of P53 induction (data not shown). However, P53 pro-apoptotic target promoters, PIG3, PUMA, PIDD and FAS (CD95/APO-1), showed RNAP II occupancy only in response to P53 induction as observed in B5/589 cells treated with MI-219 ( Figure 5a ) or HCT116 cells treated with Nutlin3a ( Supplementary Figure 10a ). Of note, RNAP II occupancy was comparable in each case in control or Ash2L presilenced cells (Figure 5a ; Supplementary Figure 10a ), suggesting that Ash2L silencing did not act by altering RNAP II recruitment on to the TSS of these P53 pro-apoptotic target promoters. Rpb1 is the largest subunit of the RNAP II and the CTD (cterminal domain) of mammalian Rpb1 contains 52 multiple tandemly repeated heptapeptides with a consensus sequence T 1 S 2 P 3 T 4 S 5 P 6 S 7 . 30 Posttranslational modifications that occur on the CTD, generate distinct information that is crucial at different steps of the transcription cycle. 30 These include phosphorylation of serine, tyrosine and threonine residues, cis-trans isomerization of the two proline residues, as well as more recently identified arginine methylation 32 and serine/threonine glycosylation. 33 CTD serine-5 phosphorylation occurs at the beginning of the transcription cycle and decreases towards the end, whereas serine-2 and serine-7 phosphorylations are high towards the end of the transcription unit. 34 Further, serine-5 CTD phosphorylation has been shown to be a mark for transcription initiation and promoter clearance. 35 As we observed reduced P53-dependent expression of its pro-apoptotic targets without any detectable changes in either P53 or RNAP II occupancy in response to P53 induction in Ash2L pre-silenced cells, we next measured levels of ser5-CTD at each of these promoters. Although we observed ser5-CTD enrichment at the TSS of P53 pro-apoptotic target genes in response to P53 induction in control cells, Ash2L pre-silencing completely abrogated ser5-CTD occupancy under the same conditions in B5/589 cells treated with MI-219 ( Figure 5b ) and in HCT116 cells treated with Nutlin3a ( Supplementary Figure 10b ). There were no detectable changes in total cellular protein expression levels of either total RNAP II or ser5-CTD under any of these conditions ( Supplementary Figure 11 ). All of these results indicated that Ash2L is not essential for either P53 or RNAP II recruitment on to P53 pro-apoptotic target promoters but is absolutely required for RNAP II ser5-CTD phosphorylation on these promoters.
Ash2L is essential for stable PIC formation on P53 pro-apoptotic target promoters in response to P53 induction Present understanding of transcriptional initiation suggests that RNAP II does not directly recognize its target promoters and employs a host of GTFs to perform this function. 36 We did not detect any changes in cellular TFIIF, TFIIB or TAF1 protein expression with or without P53 induction, both in the presence or absence of Ash2L pre-silencing ( Supplementary Figure 11) . Recent studies have also suggested that P53-dependent transcription initiation is distinct from transcription of housekeeping genes. 37 Thus, we compared GTFs occupancy on P53 pro-apoptotic target promoters in Ash2L pre-silenced cells with or without P53 induction. In the absence of P53 induction, we failed to detect TFIIB and TFIIF occupancy on P53 pro-apoptotic promoters in both B5/589 and HCT116 cells. However, P53 induction in response to MI-219 or Nutlin3a treatment in B5/589 and HCT116 cells respectively, led to P53 pro-apoptotic promoter occupancy by both TFIIB and TFIIF (Figures 6a and b ; Supplementary Figures 12a and b ). Of note, these same GTFs failed to be recruited on these same promoters in response to P53 induction in these cells pre-silenced for Ash2L under the same conditions (Figures 6a and b ; Supplementary Figures 12a and b ). All of these results strongly suggest that Ash2L pre-silencing inhibits P53-dependent expression of its pro-apoptotic target genes by blocking a stable PIC formation, which is required for RNAP II ser5-CTD phosphorylation and activation.
DISCUSSION
H3K9me3 and H3K4me3 histone marks signify inactive and active transcription, respectively. [2] [3] [4] Previous studies have shown that both P53 pro-arrest and pro-apoptotic target promoters are enriched with H3K9me3 repressive histone conformation in unstressed cells, 8, 38, 39 and that activated P53 overcomes this repressive chromatin conformation barrier by downregulating SUV39H1, 8 the writer of this mark. 4 While SUV39H1 downregulation was alone sufficient to reduce the H3K9me3 mark on both P53 pro-arrest and pro-apoptotic target promoters, 8 this resulted in increased expression of P21, but not of pro-apoptotic target genes.
In the present study, we observed that in response to SUV39H1 silencing alone, only p21, but none of the P53 pro-apoptotic promoters exhibited the H3K4me3 active histone mark enrichment, even though H3K9me3 was lost on all of these promoters. 8 In the case of the p21 promoter, SUV39H1 silencing alone led to H3K4me3 enrichment even in HCT116 P53 − / − cells (data not shown), indicating that P53 presence and/or occupancy was not required for enrichment of this mark. These results indicate that loss of the repressive chromatin conformation (H3K9me3) by itself is sufficient for H3K4me3 enrichment and P21 induction, whereas the activation of P53 pro-apoptotic targets is more complex and requires additional steps. In the present study, we focused our attention on how P53 promotes H3K4me3 enrichment on its proapoptotic promoters and the role of H3K4me3 reader, Ash2L, in modulating the P53 pro-apoptotic response.
All known H3K4 methyl transferase complexes contain four common structural components Wdr5, RbBP5, DPY30 and Ash2L, in addition to a catalytic subunit. [21] [22] [23] [24] In agreement with our H3K4me3 ChIP data, we demonstrated that Ash2L, as well as Wdr5 and RbBP5 were recruited to P53 pro-apoptotic promoters specifically in response to P53 induction. We observed further that cells overexpressing Ash2L exhibited increased P53 proapoptotic promoter occupancy and target gene expression associated with an enhanced P53 apoptotic response. In addition, such cells showed enhanced H3K4me3 enrichment on these same P53 pro-apoptotic target promoters in response to P53 induction. In contrast, upon Ash2L pre-silencing, P53 induction resulted in complete abrogation of H3K4me3 mark and reduced P53 proapoptotic gene expression without affecting P53 occupancy on these same promoters. Under the same conditions, we also did not observe any reduction in Wdr5 promoter occupancy, which is another critical component of the H3K4me3 methylation complex. Thus Ash2L is not essential for Wdr5 promoter recruitment, but is required for efficient H3K4 trimethylation of P53 target proapoptotic promoters. These findings also argue that Ash2Ldependent H3K4me3 enrichment is not required for P53 to occupy its pro-apoptotic promoters, but its enrichment favors P53 promoter occupancy. The process of transcription involves initiation, elongation and termination. In Drosophila, it has been shown that H3K4me3 is responsible for the generation of a chromatin structure at active promoters that ensures optimal RNAP II release into productive elongation. 40 The Rpb1 CTD undergoes extensive PTMs and has important functions in each of these processes. 30, 34, 41 In mammals, this CTD consists of 52 T 1 S 2 P 3 T 4 S 5 P 6 S 7 consensus repeats. RNAP II is unable to recognize its target promoters directly and uses a host of GTFs to perform this function. 36 Initiation of transcription starts with hypo-phosphorylated CTD that assembles with GTFs including TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH at the promoter. 36 Lauberth et al. 42 reported that H3K4me3 interacts with TAF3 and directs global TFIID recruitment to active genes, some of which are p53 targets. We observed that recruitment of the total RNAP II in response to P53 induction, like P53 itself, was not affected by Ash2L pre-silencing. However, under the same conditions, P53 pro-apoptotic target promoter occupancy by TFIIB and TFIIF was abrogated in response to Ash2L pre-silencing. These results indicate that RNAP II does not require these GTFs (TFIIB and TFIIF) for its recruitment on P53 proapoptotic target promoters in response to P53 induction and is independent of H3K4me3 mark enrichment as well.
Many studies have suggested that TFIIB and TFIIF complexes need to bind to the core promoter before RNAP II recruitment. 36 In fact, TFIIB has a central role in transcription complex assembly at gene promoters as well as in the events that lead to transcription initiation. 43 While, serine-65 phosphorylation of TFIIB is essential for productive transcription of several housekeeping genes, 44 it has been recently shown that TFIIB becomes dephosphorylated in response to genotoxic stress leading to general transcription attenuation, but favoring P53 target gene transcription. 37 These findings suggest that P53's requirement for general transcription factors differs from that of housekeeping genes. Further, there are reports suggesting that TFIIF is not required for transcription initiation, but is essential to stabilize TFIIB required in early elongation. 45 Our findings that RNAP II recruitment on P53 target promoters occurs without TFIIB and TFIIF occupancy are consistent with the concept that the mechanism of PIC formation is different on P53 pro-apoptotic target promoters analyzed from that of typical housekeeping genes. P53 and Ash2L have been reported to form a protein complex. 9 Several studies have implicated P300 as an essential coactivator of P53, [46] [47] [48] [49] and P300 has been reported to act synergistically with the H3K4me3 methyl transferase, Set1, to transcriptionally activate P53 target genes. 20 Relative promoter occupancy (% Input) In contrast, Kasper et al. 50 reported that CBP and p300 are dispensable for p53 to transactivate p21 and mdm2 promoters. Of note, Ash2L has been shown to physically interact with P300, 20 and P300 has been established to link P53 to the RNAP II holoenzyme. 51 Thus, our results support the concept that Ash2L bridges P53 promoter occupancy with PIC complex assembly in concert with P300. P53 is a key controller of cell death by regulating the transcription of a number of pro-apoptotic genes. 5, 52, 53 Many cancer therapies exploit the P53 pathway to suppress cancer cell growth by stimulating P53-mediated apoptosis, 54 and chromatin conformation has a major role in transcription. 55, 56 We utilized a tet-inducible shRNA-mediated approach to knock down Ash2L expression to evaluate its role in P53 pro-apoptotic gene induction. The tet system provides very low basal expression and high maximal expression after induction, making it suitable for efficient knockdown of gene expression. However, this system can exhibit leaky expression and/or toxicity if high tetracycline levels are used. We utilized rtTA-based induction, which is known to overcome such problems. 57 Finally, it is conceivable that rtTA might lead to nondesired gene expression. We utilized tetinducible sh-GFP as a control to rule out such possibilities. Different cell lines and methods of p53 induction were used by us to propose a model (Figure 7) , in which P53 activation leads to occupancy of components of the H3K4me3 complex and enrichment of the H3K4me3 mark on its pro-apoptotic target promoters. Further, Ash2L facilitates the recruitment of basal transcriptional machinery including TFIIB and TFIIF on P53 proapoptotic target promoters in response to P53 induction. Although RNAP II occupies these same pro-apoptotic promoters in response to P53 induction irrespective of the Ash2L occupancy, Ash2L is absolutely required for serine-5-CTD phosphorylation and the initiation of transcription, perhaps through modulation of recruitment of other transcription cofactors. Taken together, our findings indicate that Ash2L functions to bridge P53 pro-apoptotic promoter occupancy with RNAP II activation by favoring stable PIC formation. While we analyzed H3K4me3 enrichment as well as its reader's occupancy on P53 target pro-apoptotic promoters in response to P53 induction, P53 has other classes of transcriptional targets, including downregulated (for example, Arf), metabolic (for example, TIGAR, GLS2), DNA-damage repair (for example, TRIM22, Gadd45) as well as microRNA genes (for example, miR125b, miR-34). 52, 53 Whether similar chromatin modulators regulate P53's transactivation of these sets of gene targets is not yet known and will be of interest for future studies.
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MATERIALS AND METHODS
Plasmids, Cell Lines and Treatments
Inducible shRNAs targeting Ash2L and GFP were generated by cloning the sequences into Tet-pLKO-puro vector (Addgene, Cambridge, MA, USA; #21915). The sequences of shRNAs used will be provided upon request. HCT116 cells stably expressing doxycycline-inducible sh-SUV39H1 was described previously. 8 A full length cDNA construct expressing Ash2L were procured from Open Biosystems (Pittsburgh, PA, USA; #MHS4768-99609425) and cloned into either the pCDNA3 or VIRSP vector using EcoRI and XhoI enzymes. B5/589 immortalized breast epithelial cells and HCT116 colon carcinoma cells were cultured in RPMI-1640 containing 10% FBS and 5 ng/ml of human EGF and DMEM containing 10% FBS respectively, at 37 ºC. EJ-P53 bladder carcinoma cells that express tetracycline-regulatable P53 was cultured in DMEM containing 10% FBS, 750 μg/ml G418, 100 μg/ml hygromycin and 1 μg/ml tetracycline. 58 Nutlin3a (Cayman chemicals #10004372; Ann Arbor, MI, USA) and MI-219 59 were used for 16 h at a concentration of 20 μM and 10 μM, respectively. 59, 60 Etoposide was purchased from Sigma, St Louis, MO, USA; (#E1383), and used at the indicated concentrations for 48 h.
RNA Extraction and Real-time PCR Analysis
Total RNA was extracted from cultured cells by Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. Firststrand cDNA synthesis was performed using Superscript II RT (Invitrogen), and SYBR Green (Roche Diagnostics, Indianapolis, IN, USA; #04887352001) quantitative PCR was carried out using gene-specific primer sets. 18S genespecific primers were used as an internal control and all the mRNA expression levels were normalized to 18S expression levels. Sequences of the primers used for real-time PCR are shown in Supplementary Table. Role of ASH2L in P53-dependent apoptosis II. In the presence of P53 III. In the presence of P53 (with ASH2L pre?silencing) I. In the absence of P53 Figure 7 . Role of Ash2L in P53-dependent pro-apoptotic target gene expression. Schematic diagram illustrating the role of Ash2L in P53dependent pro-apoptotic target gene expression. I) In the absence of P53 induction, P53 RS (response sequence) is enriched with the H3K9me3 repressive mark, and the TSS (transcription start site) lacks detectable H3K4me3, indicating nonpermissive chromatin conformation for active transcription. II) In response to P53 induction, H3K9me3 is lost on the P53 RS in a SUV39H1-dependent manner, 8 and the TSS acquires the H3K4me3 mark and its readers, Wdr5, RbBP5 and Ash2L. RNAP II is also recruited on to the promoter and becomes ser5-CTD phosphorylated in response to P53 induction, leading to efficient PIC (pre-initiation complex) formation. III) In Ash2L pre-silenced cells, P53 induction results P53 and RNAP II recruitment on to the promoter similar to that of non-silenced cells, but there is no detectable H3K4me3 enrichment or occupancy by its readers at the TSS. Further, RNAP II ser5-CTD phosphorylation is compromised in Ash2L pre-silenced cells, leading to inefficient PIC formation. Ash2L thereby acts in concert with P53 promoter occupancy to activate RNAP II by aiding formation of a stable transcription pre-initiation complex required for its activation.
Western blotting and Flow Cytometry
Western blotting was performed as described previously, 8, 61 with the exception that Alexa Fluor secondary antibodies were used. All blots were developed using the Odyssey fluorescence image scanner and the band intensities were quantified using LI-COR software. Cell cycle analysis was performed using propidium iodide staining as described previously, 8 using the CycleTEST PLUS DNA reagent kit (BD Biosciences, San Jose, CA, USA; # 340242). The following antibodies were used in the study: anti-P53 (Santa Cruz Biotechnology, Santa Cruz, CA, USA; sc-6243), anti-P21 (BD; #556431), anti-APAF1 (R&D Systems, Minneapolis, MN, USA; #MAB828), anti-PIG3 (Abcam, Cambridge, MA, USA; #ab64798), anti-PUMA (Cell Signaling Technology, Boston, MA, USA; #4976); anti-Ash2L (Bethyl Laboratories, Montgomery, TX, USA; #A300-108A), anti-H3K4me3 (Abcam; #ab1012), anti-Wdr5 (Abcam; #ab56919); anti-RbBP5 (Bethyl Laboratories; #A300-109A), anti-RNAP II (Santa Cruz Biotechnology; sc-899); anti-Serine5-CTD (Abcam; #ab5131-50); anti-TAFII (Santa Cruz Biotechnology; sc-735); anti-TFIIB (Santa Cruz Biotechnology; sc-225); anti-TFIIF (Santa Cruz Biotechnology; sc-235); anti-Tubulin (Sigma; #T5168), Alexa Fluor 680 goat anti-mouse IgG (Molecular Probes, Eugene, OR, USA; #A21057) and Alexa Fluor goat anti-rabbit IgG (Molecular Probes; #A21076).
Quantitative Chromatin Immunoprecipitation (ChIP) Assay
ChIP assay was performed as described previously. 8 A total of 2.5 × 10 6 cells were taken for ChIP assay. The whole cell extract was pre-cleared using 60 μl of Protein A/G PLUS-agarose beads (Santa Cruz Biotechnology; sc-2003) and incubated overnight with anti-P53, anti-H3K4me3, anti-Wdr5, anti-RbBP5, anti-Ash2L or control IgG antibodies. One microgram of antibody was used for 100 μg of total lysate. Protein G agarose beads preblocked with salmon sperm DNA (to reduce nonspecific DNA binding) was purchased from Millipore, Saint Charles, MO, USA (#16-2001) and 60 μl of this solution was used for each immunoprecipitation. Ten percent of chromatin from each sample was removed before immunoprecipitation and used for PCR amplification (input). Both immunoprecipitated and whole cell extract (input) were treated with RNase A, proteinase K and DNA were purified using DNeasy Blood and Tissue kit (Qiagen, Valencia, CA, USA; #69504). Quantitative real-time PCR was performed on this DNA to identify the amount of target sequence. The list of primers used is given in Supplementary Table. Generation of stable cell lines B5/589, HCT116 cells were infected with Tet-pLKO-sh-Ash2L lentivirus (both sequence 1 and sequence 2) and selected for puromycin (2 μg/ml) resistance. Stable puromycin resistant clones were pooled to generate doxycycline-inducible shRNA cell lines. Ash2L overexpressing clones were generated in HCT116 and B5/589 cells by transfecting cells with pCDNA3-Ash2L (under the control of the CMV promoter) or by infecting with VIRSP-Ash2L (under the control of the mPGK promoter) and selecting with G418 (800 μg/ml) or puromycin (2 μg/ml), respectively. Stable resistant cells were pooled and used for the experiments.
